Background and aim-The immunosuppressive properties of 6-mercaptopurine and its parent compound azathioprine are mediated by their intracellular metabolism into active 6-thioguanine (6-TG) metabolites. Measurement of erythrocyte 6-TG metabolite levels has been proposed as a useful clinical tool for assessing treatment eYcacy in patients with inflammatory bowel disease (IBD). Aim-The purpose of the study was to establish a therapeutic index of treatment eYcacy based on measurement of erythrocyte 6-TG metabolite levels, and apply it clinically to guide therapy. Methods-Heparinised blood was obtained from 82 adult patients with IBD on long term (more than three months) antimetabolite therapy (63 Crohn's disease; 19 ulcerative colitis). Erythrocyte 6-TG metabolite levels were measured using reverse phase high performance chromatography, and correlated with treatment eYcacy. In 22 patients with refractory Crohn's disease despite long term azathioprine therapy, their dosage was increased by 25 mg/day at eight week intervals as needed. Serial erythrocyte 6-TG metabolite levels were measured at each clinic visit and correlated with treatment eYcacy. Results-Clinical remission, as defined by a low disease index score in patients weaned oV or on a low alternate day dose (<20 mg on alternate days) of corticosteroid, was achieved in 68% of patients on long term antimetabolite therapy. Treatment eYcacy correlated with erythrocyte 6-TG levels greater than 250 pmol/8×10 Conclusion-Measurement of erythrocyte 6-TG metabolite levels is helpful in determining the adequacy of azathioprine dosage and can be used to optimise the dose of antimetabolite therapy to achieve an improved clinical response without inducing leucopenia. Patients who are clinically refractory to azathioprine therapy despite achieving high erythrocyte 6-TG levels (>250) should be considered for adjunct or alternative forms of immunosuppressive therapy or surgery. (Gut 2001;48:642-646) 
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As AZA and 6-MP are by themselves inactive, they must be transformed intracellularly into ribonucleotides that function as purine antagonists. These antimetabolites are then incorporated into DNA, 6 inducing cytotoxicity and immunosuppression. 7 6-MP undergoes rapid and extensive catabolic oxidation to 6-thiouric acid in the intestinal mucosa and Abbreviations used in this paper: IBD, inflammatory bowel disease; AZA, azathioprine; 6-MP, 6-mercaptopurine; 6-TG, 6-thioguanine; 6-MMP, 6-methyl mercaptopurine; TPMT, thiopurine methyl transferase; HPLC, high performance liquid chromatography; RBC, red blood cell; 5-ASA, 5-aminosalicylate; HBI, Harvey-Bradshaw index; WBC, white blood cell count.
liver by the enzyme xanthine oxidase. As proof of the complex metabolism, the bioavailability of 6-MP ranges from 5% to 37%. 7 In comparison, intestinal absorption of AZA is somewhat better than 6-MP. Once absorbed into the circulation, AZA is rapidly converted to 6-MP (88%) and S-methyl-4-nitro-5-thioimidazole (12%) on exposure to sulphydryl containing compounds in plasma and tissues. As AZA is 55% 6-MP by molecular weight, a conversion factor of 2.08 is used when comparing pharmacological dosages. 8 Because of the rapid absorption of 6-MP into erythrocytes and organ tissues, the plasma half-life of 6-MP is very short, ranging from one to two hours. 9 The anabolic transformation of 6-MP into its active metabolites occurs intracellularly along the competing routes catalysed by thiopurine methyl transferase (TPMT) and hypoxanthine phosphoribosyl transferase, giving rise to 6-methyl mercaptopurine (6-MMP), 6-methyl-thioinosine 5'-monophosphate, and 6-thioguanine (6-TG) nucleotides, respectively. 6-TG is considered the active metabolite. 10 Incorporation of 6-TG into lymphocyte DNA aVects cellular function and induces cytotoxicity and immunosuppression. 11 The direct lymphocytotoxic properties of 6-MP form the basis of its use in the treatment of lymphoma and leukaemia. In those patients, low erythrocyte 6-TG levels have been associated with a low 6-MP dose and an increased risk of disease relapse. 12 An apparent genetic polymorphism has been observed in TPMT activity, the key enzyme involved in the metabolism of AZA and 6-MP. As a result of the heterogeneity in TPMT activity, patients with either negligible (0.3%) or low (11%) enzyme activity levels may have an increased risk of drug toxicity and leucopenia. In those patients, 6-MP metabolism is shunted towards excessive production of active 6-TG nucleotides. 13 In contrast, 10% of individuals have high TPMT activity and are considered rapid metabolisers, shunting 6-MP metabolism away from 6-TG and into production of 6-MMP. In the treatment of leukaemia, patients with high TPMT activity were shown to be at an increased risk of disease relapse despite a presumed therapeutic drug dosing regimen. 12 A recent controlled trial in Crohn's disease compared oral (2 mg/kg/day) AZA therapy with and without initiating a short course of high dose intravenous AZA therapy. The study was confined to individuals with upper normal or high levels of TPMT enzyme activity so that high dose intravenous AZA (40 mg/kg) could be studied safely in one arm of the study.
14 Even at 2 mg/kg/day of oral AZA therapy, only 20% of these rapid metabolisers achieved clinical remission, a clinical response lower than that reported in consecutive patient publications. [3] [4] [5] Moreover, the adverse events in this study were higher than those previously reported in other adult series using moderate doses of AZA therapy. 14 15 It is therefore not possible to select one dosage of either 6-MP or AZA that will be rapidly eVective in all patients while avoiding drug induced leucopenia. 15 In theory, awareness of an individual's TPMT enzyme activity level prior to starting therapy could be used clinically to optimise therapy and improve clinical response time.
Measurement of erythrocyte AZA metabolites has been proposed as a useful clinical tool for measuring clinical eYcacy, documenting patient compliance to therapy, and explaining some drug toxicity. In our preliminary studies in paediatric patients with Crohn's disease, high performance liquid chromatography (HPLC) measurement of 6-MP metabolite levels showed an inverse correlation between erythrocyte 6-TG levels and disease activity. Although a wide range of erythrocyte 6-TG levels were associated with clinical responsiveness to therapy, patients with high levels (>250 pmol/8×10
8 red blood cells (RBCs)) in that series were uniformly asymptomatic. 16 The purpose of our prospective study in adults was to establish a "therapeutic window" of drug eYcacy based on measurement of AZA metabolite levels that can be used clinically to guide therapy. Lacking the prior knowledge of each patient's TPMT enzyme activity levels, we used a moderate dose of AZA (1-1.5 mg/kg/ day) to minimise potential drug induced side eVects, including leucopenia. Erythrocyte 6-TG levels were used to monitor increased dosing requirements for patients deemed unresponsive to conventional drug treatment dosages.
Material and methods

PATIENTS
Eighty two patients (40 males; 42 females) with inflammatory bowel disease (IBD) (63 Crohn's disease; 19 ulcerative colitis) were studied at the MeyerhoV IBD Center. All were adults with a mean (range) age of 42 (17-77) years. The diagnosis of IBD was established by standard clinical, radiological, and histological techniques. 17 Among the 63 patients with Crohn's disease, 29 had ileocolonic disease, 15 of whom had previously undergone a bowel resection, 26 had colonic disease, and four had a bowel resection. As a high proportion of patients with ileocolonic Crohn's disease had undergone bowel resection, patients were stratified to determine if a past history of surgical intervention would bias our results in favour of metabolite testing. Eight patients had fistulising Crohn's disease. Twelve of the 19 patients with ulcerative colitis were classified as pancolitis and seven had left sided disease. In the group as a whole, duration of disease ranged from 4 months to 26 years with a mean duration of 6.3 years; seven patients were diagnosed before age 21 and four before age 15. All but 10 patients were receiving 5-aminosalicylate (5-ASA) products at the time of the study. Fourteen patients were receiving local 5-ASA therapy in the form of suppositories or enemas.
recorded for each patient. Sixty four patients were receiving AZA and 18 6-MP therapy, and this remained consistent. In patients with Crohn's disease, disease activity was measured by the Harvey-Bradshaw index (HBI). HBI <5 is considered comparable with a Crohn's disease activity index of <150, a widely used indicator of clinical remission. 18 In patients in whom the therapeutic goal was corticosteroid sparing, remission was defined as HBI <5, and clinical stability for at least one month oV all corticosteroids or weaned to a low alternate day dose (20 mg on alternate days). Oral ileal released budesonide, 3 mg every other morning, was also accepted in the definition of disease remission. Either prednisone or oral budesonide therapy was tapered weekly according to the patient's clinical status. A flexible weaning schedule was used in the event of symptomatic disease recurrence as antimetabolite therapy was being instituted. 19 Patients whose therapeutic goal was closure of draining fistulas were considered in remission if all fistulas had stopped draining for at least one month. For patients with ulcerative colitis, a clinical activity score was adapted from the cyclosporin study of Lichtiger and colleagues. 20 Patients who did not meet the remission criteria were considered incompletely responsive to that dosage of antimetabolite therapy. All patients were informed of the potential risks and benefits of antimetabolite therapy prior to their agreeing to receive therapy or having their erythrocyte 6-TG metabolites measured. TPMT genotype testing has not been shown to be useful clinically in predicting clinical responsiveness to therapy, and thus was not monitored in the study group. 21 
OPTIMISATION OF THERAPY
Twenty two of 30 patients with Crohn's disease who were considered incompletely responsive to moderate doses of AZA therapy were recruited based on an intent to treat basis to study the role of optimising dosages to improve clinical responsiveness. Twelve patients had ileocolitis and 10 had colitis. Inclusion criteria included active disease, as defined by HBI >5 or draining fistulas, dependancy on corticosteroids with an erythrocyte 6-TG level <250 pmol/8×10 8 RBCs, and a white blood cell count (WBC) >5.0×10 3 /µl. In eight patients with refractory disease who were not included in the study, five had high erythrocyte 6-TG levels (>250 pmol/8×10
8 RBCs) and went on to receive either adjunct immunomodulatory therapy or surgery. Three patients with refractory disease and low 6-TG levels (<250 pmol/ 8×10 8 RBCs) underwent surgery and were not entered into the dose optimisation study.
The 
6-METHYL MERCAPTOPURINE METABOLITE LEVELS
The median (range) erythrocyte 6-MMP level for the entire patient population was 2000 (668-4578). Erythrocyte 6-TG levels did not correlate with 6-MMP metabolite levels. No patient had absent 6-MMP metabolite levels.
OPTIMISATION THERAPY
The daily dosage of AZA was increased by 25 mg in 22 patients with Crohn's disease unresponsive to the starting dose of therapy. Twelve had ileocolitis and 10 had colitis. The mean (SEM) AZA dose was increased from 1.1 (0.1) to 1.5 (0.1) mg/kg/day. Eighteen patients went into remission with the increase in AZA dose. The dosage of prednisone was decreased from 18.2 (3.5) to 11.0 (2.5) mg/day. Erythrocyte 6-TG levels also increased with the modification in AZA dose from 194 (67-688) to 303 (67-737) pmol/8×10 8 RBCs. High erythrocyte 6-TG levels were achieved (>250 pmol/8×10 8 RBCs) in 12 of 18 patients who responded favourably to the adjustment in AZA dose (p<0.05).
Drug induced leucopenia (<3×10 3 /ml) did not occur in any of the 22 patients in the dose optimisation study. The average (SEM) leucocyte count decreased from 8.6 (0.9) to 6.9 (0.6) ×10 3 /ml. In four patients with persistently active disease, two had low erythrocyte 6-TG levels (<250 pmol/8×10 8 RBCs); one required surgery for intestinal obstruction and the other responded well to cyclosporin therapy. The remaining two patients with active disease and high 6-TG levels (>350 pmol/8×10 8 RBCs) went on to receive Infliximab therapy which produced a symptomatic response.
COMPLICATIONS
There were no adverse events related to optimisation of AZA therapy. Among the 82 patients surveyed in the correlation of AZA metabolite levels and clinical status, there were four adverse events. One patient had pancreatitis and one had hepatitis with markedly elevated serum aminotransferase levels (>2000 U/l). Two patients had significant leucopenia (<3 ×10 3 /ml). One of these two patients had a five year history of home parenteral nutrition and died of overwhelming fungal sepsis and disseminated intravascular coagulation. All four patients had high erythrocyte 6-TG levels (>500 pmol/8×10 8 RBCs). Three of the four patients recovered completely with cessation of therapy.
Discussion
Many management decisions in patients with
Crohn's disease are based on patient symptoms. Controlled trials of most medications utilise some form of activity index based almost entirely on patient complaints. If a patient has had previous surgery or has multiple symptoms and is receiving antimetabolite therapy to maintain remission, it may be diYcult to know if the patient is receiving an adequate dose. In the case of AZA and 6-MP, the physician is trying to strike a balance between an adequate dose and not inducing adverse eVects such as leucopenia. In comparison, neurologists who care for patients with seizures are guided by routine measurements of plasma anticonvulsant levels during therapy. In gastroenterology, similar information could be helpful in some patients who are receiving immunomodulatory therapy.
HPLC measurement of the active AZA metabolite 6-TG correlated well with clinical responsiveness to therapy in our patients with Crohn's colitis and fistulising disease but not in either ileocolonic disease or ulcerative colitis. Two thirds of patients who responded to immunomodulatory therapy had erythrocyte 6-TG levels >250 pmol/8×10 8 RBCs compared with only five of 37 patients who were still symptomatic despite prolonged therapy. Similar results have been reported in 93 paediatric and 45 adult patients with IBD in whom disease remission correlated well with erythrocyte 6-TG levels of more than 230 and 260 pmol/8×10 8 RBCs, respectively. 21 22 Interestingly, erythrocyte 6-TG levels did not correlate with clinical responsiveness to therapy in patients with ileocolonic Crohn's disease and ulcerative colitis. It was evident at the time of the study that 15 of 29 patients with ileocolonic disease had previously undergone surgery and were therefore on prophylactic AZA therapy. Indeed, 12 of 16 patients in disease remission had surgery and remained in disease remission with subtherapeutic erythrocyte 6-TG levels. In ulcerative colitis, mesalamine has proven eYcacy in the management of mild to moderate disease. 23 Our aggressive use of local 5-ASA preparations in 14 of 19 patients with ulcerative colitis may explain why there was a lack of correlation between clinical response and erythrocyte AZA metabolite levels. These studies indicate the putative immunosuppressive role of 6-TG in patients with IBD, and support the idea of using erythrocyte 6-TG levels to develop a therapeutic index. Lack of compliance with therapy can also be detected.
If erythrocyte 6-TG levels are less than 250 pmol/8×10 8 RBCs in a symptomatic patient who has been receiving long term AZA therapy (>12 weeks) and has a normal WBC (>5 ×10 3 / ml), one reasonable option would be to increase the dosage by 25 mg with the goal of achieving a more complete therapeutic response over the next eight weeks. In addition, the potential for under dosing AZA as a maintenance therapy after cyclosporin or Infliximab induced remission or as prophylactic therapy in patients after surgery is evident in this study. As TPMT enzyme activity levels were not available, low dosages of either AZA or 6-MP were used to minimise potential drug induced toxicity. It was therefore not surprising that 32 of 37 patients in non-remission had subtherapeutic erythrocyte 6-TG levels. The study would suggest that the physicians' concerns with under dosing can be circumvented by measuring erythrocyte 6-TG levels, as described below.
In the prospective study of 22 patients with steroid dependant Crohn's disease, treatment eYcacy correlated with improved erythrocyte 6-TG metabolite levels following an adjustment in antimetabolite dosage. All patients were initially described as unresponsive to therapy despite receiving AZA at a dosage of 1-1.2 mg/kg/day for at least 12 weeks. In 18 of 22 patients recruited into the study, clinical remission was achieved by optimising the dose of AZA therapy and without inducing leucopenia.
This current study and our previous paediatric study would suggest that measurement of erythrocyte 6-TG levels can be used to optimise the dose of AZA to achieve a desired therapeutic eVect while avoiding untoward drug toxicity. 24 Patients who remain symptomatic despite apparently therapeutic erythrocyte 6-TG levels could be expected to receive other forms of therapy, including cyclosporin, methotrexate, Infliximab, or surgery.
Lowering of WBC can also be considered an indication that therapeutic AZA metabolite levels have been achieved in that individual. Colonna and Korelitz have shown that with 1 mg/kg of 6-MP, there was a more rapid (<7 weeks) and more complete clinical response in patients in whom leucopenia (<5×10 3 /ml) developed compared with those who did not have a lowering of their WBC below 5×10 3 /ml. The average response in the latter group was 13 weeks. 25 Presumably, these diVerences in response time to the same dose of 6-MP reflect, to a large extent, diVerences in 6-MP bioavailability or metabolism. 26 Unfortunately, some clinicians have misinterpreted this important paper as suggesting that a patient should not be considered refractory to 6-MP therapy until the dosage has been increased to produce leucopenia. Instead, we would suggest the use of erythrocyte 6-TG levels when trying to optimise antimetabolite therapy in the patient with symptoms or fistulae seemingly refractory to the eVects of these agents. In our current study, remission was obtained in 18 of 22 patients by increasing the dose until the presumed therapeutic range was reached. None of the 18 had WBCs less than 5×10 3 /ml.
